Two recent studies have identified a Drosophila homolog of cyclase-associated protein (CAP) as a developmentally important negative regulator of actin polymerization that may also directly mediate signal transduction.
Alterations in the balance of monomeric (G) actin and polymerized (F) actin in response to extracellular signals effect changes in cell shape, movement and polarity [1] . The pathways linking extracellular signaling with changes in actin dynamics and organization are not completely clear. Two recent studies [2, 3] , one published recently in Current Biology [3] , have identified a Drosophila homologue of cyclase-associated protein (CAP) as a developmentally important negative regulator of actin polymerization. These studies also suggest that actin organization and actin-dependent cell shape changes may play important roles in controlling developmental patterning processes that depend on intercellular signaling. These observations raise the intriguing possibility that the actin cytoskeleton responds to intercellular signaling and influences the flow of information through the signal transduction machinery.
A function for CAP in integrating signal transduction and cytoskeletal reorganization is suggested by its domain structure ( Figure 1 ). The amino terminus of CAP includes a putative adenylate-cyclase-binding domain and a polyproline domain that has been shown to interact with Src homology 3 (SH3) domain-containing proteins, including the tyrosine kinase c-Abl [4] . The carboxyl terminus of CAP includes a predicted actin-monomer-binding domain, as well as a dimerization domain. Furthermore, Baum et al. [3] have identified a verprolin homology (VH) domain within the carboxy-terminal portion of CAP. VH domains are present in the WASP family of proteins, where they have been shown to bind actin monomers [5] . CAP homologues from yeast, Dictyostelium, pigs and humans have been shown to regulate actin dynamics in vitro [6] [7] [8] . These observations, along with the domain structure of CAP, suggest that it may have a conserved role in signal transduction and reorganization of the actin cytoskeleton.
Benlali et al. [2] identified the Drosophila homologue of CAP, which they named Act Up (acu), in a screen for mutations that disrupt eye development. The adult Drosophila eye arises from the eye imaginal disc. Photoreceptor differentiation is linked to progression of a transient 'morphogenetic' furrow, formed by the apical constriction of a line of cells, which moves across the disk from posterior to anterior. Clones of cells mutant for cap/acu were found to show an increase in phalloidin staining -indicative of an increased level of actin filamentsand defects in apical constriction that block formation of the morphogenetic furrow. These observations indicate that CAP inhibits actin polymerization, consistent with earlier biochemical studies [7] .
The Chickadee (chic) gene encodes Drosophila profilin, an actin-monomer-binding protein which appears to promote actin polymerization. In contrast to acu mutations, chic mutations lead to reduced actin polymerization in the eye disc. Nonetheless, chic mutations produce defects in apical constriction and morphogenetic furrow assembly that are similar to those observed in CAP mutant clones. Regulating the balance between actin monomer and polymer thus appears to be essential to the cell shape changes that create the morphogenetic furrow in the Drosophila eye disc.
Hedgehog (Hh) signaling is required for assembly of the eye disc morphogenetic furrow and for photoreceptor differentiation, and Hh signaling does not normally extend anterior to the furrow. Undifferentiated photoreceptor cells therefore only respond to Hh and begin to differentiate as they enter the furrow. Interestingly, mutations in both CAP and chic, as well as expression of a dominant-negative form of the GTPase Rac1 that is known to inhibit actin polymerization, lead to premature photoreceptor differentiation. The proteins Neuroglian, Atonal and Decapentaplegic, which are markers for photoreceptor differentiation, are normally expressed as cells enter the morphogenetic furrow and respond to Hh signaling. CAP and chic mutations lead to production of these markers in cells anterior to the furrow, suggesting that Hh signaling is inappropriately propagated to anterior regions of the eye disc in developing mutant flies.
As mutations in CAP and chic have opposite effects on actin polymer levels, these defects do not appear to reflect a specific requirement for actin in Hh signaling. Instead, Benlali et al. [2] speculate that the cell shape changes that produce the morphogenetic furrow are required to restrict Hh signaling to the furrow. This attractive hypothesis would explain the tight linkage between furrow assembly and photoreceptor differentiation, although how the cell shape changes that produce the furrow restrict Hh signaling is unclear.
Baum et al. [3] identified a mutation in CAP, which they called capulet, in a screen for mutations that disrupt actin organization during oocyte development. For this screen, the authors used established techniques to generate clones of mutant germline cells in ovaries with genetically wildtype somatic tissue. The resulting mosaic ovaries were then examined for pattering and cytoskeletal defects. The authors found that CAP mutant germline clones have an excess of F-actin at the posterior pole in stage 5-6 oocytes, and at the anterior pole in stage 6-8 oocytes. Other actin structures, including cortical actin underlying the nurse cell plasma membranes, are lost when CAP is mutant in the germline cells.
CAP mutant oocytes were also found to be defective in the establishment or maintenance of oocyte polarity. In wild-type oocytes, bicoid and oskar mRNAs localize to opposite ends of the developing oocyte, where they specify the anterior and posterior poles, respectively. In CAP mutant oocytes, bicoid and oskar mRNAs are mislocalized. These observations indicate that CAP is required for the correct spatial regulation of actin polymerization, and that normal actin organization is required for proper polarization of the oocyte. The localization of mRNAs to the anterior and posterior poles is known to require an intact microtubule cytoskeleton, and defects in actin can disrupt microtubule organization during oogenesis. CAP mutations disrupt the localization of markers of microtubule polarity, suggesting that the defects in mRNA localization could be secondary to actin-dependent changes in the microtubule cytoskeleton.
Interactions between the germline-derived oocyte and the surrounding somatic follicle cells are essential to the establishment of oocyte polarity, however, and CAP could also have a role in these signaling events. The pathway from the Drosophila tumor growth factor α ligand Gurken, via an EGF receptor homolog and the mitogen-activated protein (MAP) kinase cascade is required for oocyte-tofollicle cell signaling events that are essential for embryonic axis specification. Mutations in gurken do not affect ectopic actin polymerization in CAP mutant clones, suggesting that this aspect of the CAP phenotype is independent of Gurken signaling. But CAP could be a target for other signaling pathways, such as the one involving protein kinase A (PKA), within the oocyte.
In support of this speculation, germline clones mutant for PKA were found to show defects in microtubule organization and bicoid mRNA localization within the oocyte [9] ; Baum et al. [3] also found that a mutation in PKA affects actin organization and axial pattering. Furthermore, the defects in F-actin organization produced by PKA germline clones are very similar to those observed in CAP mutants. Finally, CAP has an amino-terminal adenylate-cyclasebinding domain (Figure 1 ), and PKA is activated by cAMP and lies downstream of adenylate-cyclase-dependent signaling pathways (cAMP being the product of the reaction catalysed by adenylate cyclase).
These observations raise the possibility that CAP is a component of a germline adenylate cyclase-PKA signal transduction pathway that controls cytoskeletal organization and polarity in the oocyte. Benlali et al. [2] , however, found that lethal CAP mutations can be rescued by a construct encoding a carboxy-terminal fragment of the protein lacking the adenylate-cyclase-binding domain, indicating that the adenylate cyclase binding is not essential to CAP function in somatic cells. But CAP could still have a function in adenylate-cyclase-dependent signaling that is restricted to the germline, or CAP function could be regulated by PKA-dependent phosphorylation within the carboxy-terminal domain.
The evolutionary conservation and broad expression pattern of CAP suggests that this intriguing protein may be a universal negative regulator of actin polymerization. The domain structure of CAP, together with the developmental defects associated with loss of CAP function in Drosophila, suggest that CAP may also participate in signal transduction. These studies also suggest that actin-dependent cell shape changes may have unexpected roles in propagation of intercellular signals. While the specific functions of CAP in signal transduction are not yet clear, this protein may lie at a critical intersection between the cytoskeleton and signaling pathways and therefore serve an important function in integrating developmentally important morphogenetic processes.
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Figure 1
The domain structure of CAP. CAP has a highly conserved domain structure. At the amino terminus, CAP has an adenylate cyclase binding domain and a polyproline domain (PP). Within the carboxyterminal fragment used by Benlali et al. [2] 
